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Abstract Among the reactions involved in the production and destruction of deuterium during Big Bang
Nucleosynthesis, the deuterium-burning D(p,γ)3He reaction has the largest uncertainty and limits the pre-
cision of theoretical estimates of primordial deuterium abundance. Here we report the results of a careful
commissioning of the experimental setup used to measure the cross-section of the D(p,γ)3He reaction at
the Laboratory for Underground Nuclear Astrophysics of the Gran Sasso Laboratory (Italy). The commis-
sioning was aimed at minimising all sources of systematic uncertainty in the measured cross sections. The
overall systematic error achieved (< 3%) will enable improved predictions of BBN deuterium abundance.
PACS. 26.35.+c Big Bang nucleosynthesis – 98.80.Es Observational cosmology
a Corresponding author: carlo.gustavino@roma1.infn.it
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1 Primordial deuterium abundance and the
D(p, γ)3He reaction
Big Bang Nucleosynthesis (BBN) occurs during the first
minutes of cosmological time in a rapidly expanding hot
and dense Universe, where a fraction of protons and nearly
all free neutrons end up bound in 4He, while D, 3H, 3He,
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6Li, 7Li and 7Be nuclei form in trace quantities [Serpico
et al., 2004]. As the nucleosynthesis of these primordial
elements is sensitive to the physics of the early universe,
their abundance can be used to test the standard model
of modern cosmology and particle physics. The primordial
abundance of deuterium, in particular, can provide strin-
gent constraints on the baryon density and the number
of relativistic particles in the early Universe [Di Valentino
et al., 2014; Pitrou et al., 2018].
Recent astronomical observations of primordial deu-
terium abundance have reported values with a 1% uncer-
tainty [Cooke et al., 2018]. By contrast, theoretical BBN
calculations are still hindered by relatively large uncer-
tainties in the D(p,γ)3He reaction cross section, which re-
mains at present the least well-known of all reactions in-
volved in the nucleosynthesis of primordial deuterium [Coc
et al., 2015; Di Valentino et al., 2014; Pitrou et al., 2018].
In order for BBN predictions to achieve the same preci-
sion as observations, the D(p,γ)3He cross section must be
determined with a systematic uncertainty better than 3%
at energies relevant to BBN (see for example, Refs. [Coc
et al., 2015; Pitrou et al., 2018]).
Several data sets on the D(p,γ)3He reaction cross sec-
tion, or equivalently its S(E)-factor1, are available in the
literature. In the low-energy range (Ecm ' 2 − 20 keV),
mostly relevant to hydrogen burning in the Sun and in
protostars, cross sections were obtained with a system-
atic error of at most 5.3% [Casella et al., 2002b] using the
50 kV accelerator (now in disuse) of the Laboratory for
Underground Nuclear Astrophysics (LUNA) at the Labo-
ratori Nazionali del Gran Sasso (LNGS) in Italy [Broggini
et al., 2018; Cavanna, and Prati, 2018]. At higher energies
(Ecm ' 30− 700 keV), available data sets are affected by
systematic errors of 9% or higher [Griffiths et al., 1963;
Ma et al., 1997; Schmid et al., 1997; Tiˇsma et al., 2019].
The situation is further compounded by the fact that a re-
cent ab initio calculation [Marcucci et al., 2016] disagrees
at the 20-30% level with both the S-factor of Ma et al.
[Ma et al., 1997] and a best fit [Adelberger et al., 2011] to
selected data [Casella et al., 2002b; Griffiths et al., 1962;
Ma et al., 1997; Schmid et al., 1996], widely used in BBN
calculations.
Here, we report the results of setup commissioning
measurements aimed at minimising all sources of system-
atic uncertainties in the measurement of the D(p,γ)3He
cross section. We have exploited the full dynamic range
of the 400 kV accelerator, corresponding to Ecm ' 30 −
300 keV and thus covering a broad energy region around
Ecm ' 130 keV where, according to Nollett et al. [Nollett
and Burles, 2000], the predicted abundance of primordial
deuterium is most sensitive to the D(p,γ)3He reaction.
1 The astrophysical S(E) factor is defined as [Rolfs, and Rod-
ney, 1988]: S(E) = Eσ(E) exp (2piη), where E is the energy of
interaction in the centre of mass system, σ(E) is the energy
dependent cross-section, and η is the Sommerfeld parameter
η(E) = Z1Z2α(µc
2/2E)1/2 (with Zi atomic numbers of the in-
teracting particles, α fine structure constant, µ reduced mass,
and c speed of light).
The paper is organised as follows: first, we describe
the experimental approach and setup used at LUNA for
the measurement of the D(p,γ)3He cross section (sect. 2);
then, we report on high-precision measurements of tar-
get density profile, beam current, detection efficiency, and
angular distribution effects (sections 3-6). The results ob-
tained are discussed and summarised in sect. 7.
2 Experimental approach and setup
The D(p,γ)3He reaction (Q-value = 5.5 MeV) was studied
in direct kinematics using a windowless and extended D2
gas target and detecting the emitted γ rays with a high
purity germanium detector. At LUNA, the γ-ray back-
ground is reduced by more than four orders of magni-
tude in the region of interest for the D(p,γ)3He reaction
(Eγ = 5− 6 MeV) [Broggini et al., 2018].
For an extended gas target of length L, the cross sec-
tion can be expressed in terms of experimentally measur-
able quantities as:
σ(E) =
Nγ(E)
Np
∫ L/2
−L/2 ρ(z)(z, Eγ)W (z)dz
(1)
where Nγ(E) is the net number of detected γ rays at a
given interaction energy E, Np the number of incident
protons, ρ(z) the number density of target atoms as a func-
tion of interaction position z along the target, (z, Eγ) the
γ-ray photo-peak detection efficiency and W (z) a term ac-
counting for the angular distribution of the emitted gamma
rays. The integral in the denominator extends over the
whole gas target length. To achieve a 3% systematic un-
certainty on the cross section, each of the quantities in
eq. (1) must be determined with an appropriate level of
accuracy, as will be explained in the following sections.
The experimental setup used is shown in fig. 1. Briefly,
the LUNA 400 kV accelerator was used to provide a pro-
ton beam at energies Ep = 50−400 keV (with a systematic
error of 0.3 keV [Formicola et al., 2003]) and typical in-
tensities of 200 µA. The beam enters the target chamber
after passing three differential pumping stages connected
through a series of apertures of 25, 15, and 7 mm diam-
eter (hereafter AP3, AP2 and AP1, see fig. 1) [Cavanna
et al., 2014]. Collimators AP3 and AP2 are upstream at a
distance of 69 and 51 cm, respectively, from the entrance
of the target chamber. Collimator AP1 is 40 mm long and
is mounted at the entrance of the target chamber. This
aperture is designed to be sufficiently long and narrow to
enable a pressure drop of a factor of 20 between the target
chamber and the first pumping stage.
Deuterium gas of 99.99% isotopic purity (as certified
by the vendor, Rivoira [riv]) was maintained at a pres-
sure of 0.3 mbar inside the target chamber by means of a
capacitive pressure sensor (independent of gas type, cal-
ibrated to 0.25% accuracy) controlling the gas inlet via
a feedback loop. The target chamber, a 330 mm long
cylinder with an inner diameter of 56 mm, is made of
3 mm thick AISI 304 stainless steel and is equipped with
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Figure 1. Scheme of the LUNA windowless gas target (not to scale). Shown are the three pumping stages and the target
chamber with the calorimeter.
a series of ports to measure the gas target temperature
and pressure along the beam axis (see sect. 3). The dif-
ferential pumping system maintains a modest vacuum at
the first pumping stage, evacuated by a 2050 m3/h Roots
pump. The second pumping stage is equipped with three
1500 l/s turbomolecular pumps, and the third pumping
stage with a 360 l/s turbo-molecular pump. Typical pres-
sures observed during the experiment, with 0.3 mbar of
deuterium in the target chamber, were: 1.5×10−3 mbar
in the first stage, 2.7×10−6 mbar in the second stage,
and 2.6×10−6 mbar in the third stage. Fresh deuterium
was flushed without re-circulation to prevent its pollution.
Possible air-leaks contamination (mostly nitrogen) was pe-
riodically checked by using the well-known 14N(p,γ)15O
resonance at Er = 259 keV [Daigle et al., 2016]. Specifi-
cally, we exploited the relationship between the resonance
strength and the effective stopping power (see for exam-
ple, [Rolfs, and Rodney, 1988]) to determine the ratio of
nitrogen to deuterium atoms in the gas. This ratio was
found to be always below 0.5%.
The target chamber contains a cylindrical copper calo-
rimeter (30 cm length and 50 mm diameter) for beam cur-
rent integration (sect. 4). Gamma rays from the D(p,γ)3He
reaction were detected with a high purity germanium de-
tector (not shown in the figure, relative efficiency2 135%)
located under the target chamber and facing its centre.
2 The relative efficiency is defined at 1.33 MeV relative to
that of a standard 3”-diameter, 3”-long NaI(Tl) scintillator at
25 cm from the source.
3 Effective target density measurements
The gas target density ρ(z) was determined by combin-
ing independent measurements of pressure and temper-
ature profiles along the beam axis. Measurements were
performed without beam and under the same operating
conditions: stable deuterium pressure inside the gas tar-
get (P = 0.3 mbar), water-cooled AP1 collimator, and
beam stop temperature maintained at 343 K (70o C, see
sect. 4). For the pressure profile, six capacitance gauges
(five Pfeiffer CMR 363 and one MKS Baratron 626, typ-
ical precision 0.3%) were used to measure the pressure
at 12 different positions: six inside the target chamber,
three in the AP1 collimator and three in the pipe con-
necting the chamber to the first pumping stage. As shown
in fig. 2, the gas pressure remains constant within ±0.9%
inside the chamber, decreases along the collimator, and
vanishes within the connecting pipe. Taking into account
calibration and instrumental accuracy, a total uncertainty
of ±0.9% was assigned to the pressure inside the target
chamber.
The gas temperature was measured at 12 positions
(along the beam axis) inside the chamber and the con-
necting pipe using four PT100 thermistors. The measured
profile is shown in fig. 3: the temperature drops monoton-
ically between the calorimeter beam stop heated to 343 K
(see sect. 4) and the collimator, while it remains constant
to within ±0.2% inside the connecting pipe at about 294 K
(21o C). The overall temperature error was estimated to
be about 1 K, corresponding to a relative error of ±0.3%.
It should be noted, however, that during actual mea-
surement runs the gas temperature (and thus the gas den-
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Figure 2. Blue points are the measured pressure profile in
deuterium along the beam axis (z = 0 corresponds to the cen-
tre of the target chamber). Red points are the extrapolated
pressure values at the collimator interfaces with the connect-
ing pipe and the target chamber and at the calorimeter surface.
The lines are drawn to guide the eye.
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Figure 3. Blue points are the measured temperature profile
in deuterium along the beam axis (z = 0 corresponds to the
centre of the target chamber), at a pressure of 0.3 mbar inside
the target chamber. Red points are the extrapolated temper-
ature values at the collimator interfaces with the connecting
pipe and the target chamber and the calorimeter hot surface
temperature. The lines are drawn to guide the eye.
sity) can be affected by the power dissipated by the beam3
in passing through the gas (beam heating effect [Rolfs, and
Rodney, 1988]). The extent of this effect was quantified ex-
perimentally by measuring the D(p,γ)3He reaction yield
for different beam intensities at a fixed beam energy and
constant deuterium pressure (0.3 mbar). Figure 4 shows
the results obtained for a 300 keV proton beam: a typical
3 The power dissipated by the beam is calculated as the prod-
uct of the beam intensity and the beam energy lost in the gas.
For our experiment, we obtain 23.3 mW/cm (8.5 mW/cm) at
the lowest (highest) beam energy Ep = 50 keV (Ep = 395 keV)
used.
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Figure 4. Counts per unit charge vs beam current in a D2 gas
target at P = 0.3 mbar and Ebeam = 300 keV.
current of 200 µA leads to a count rate, i.e. target density,
reduction of about 1%, in good agreement with previous
findings obtained at LUNA with an alpha beam and a deu-
terium gas target [Anders et al., 2013; Marta et al., 2006]
and also with an analytical expression for beam heating
effect in gas targets reported in [Osborne et al., 1984]. We
adopted a ±50% uncertainty on the 1% correction fac-
tor due to the beam-heating effect. The overall resulting
uncertainty (1.1%) on the inferred target density is then
obtained in quadrature from the uncertainties in temper-
ature (0.3%), pressure (0.9%), and beam heating effect
(0.5%).
4 Beam current measurement
As the proton beam passes through the gas target, pro-
tons are partially neutralized and secondary electrons are
produced. These phenomena prevent a reliable electrical
reading of the beam current and thus of the number of
protons Np impinging on the target. For this reason the
beam current was measured with a calorimeter maintained
at a constant temperature gradient. The calorimeter con-
sists of three parts: a hot side (acting as a beam stop),
eight heating resistors, and a cold side. The hot side is
kept at a temperature of 70 ◦C by regulating the current
of the heating resistors via a feedback loop in which four
thermistors (PT100) are used to monitor the temperature
of the beam stop [Casella et al., 2002a]. The cold side of
the calorimeter is kept at 0 ◦C by means of a chiller. The
beam stop can be heated either by the resistors or by the
beam, thus the more power is dissipated by the beam in
the calorimeter, the less has to be provided by the resis-
tors to maintain the temperature gradient. Power values
and temperatures of the hot and cold sides were contin-
ually recorded by a real time controller programmed in
LabVIEW.
Denoting with W0 (Wrun) the power delivered by the
resistors when the beam is off (on), the calorimetric power
is defined as Wcal = W0 −Wrun. The calorimetric power
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Figure 5. Top: Calorimeter electrical calibration function ob-
tained by fitting the electrical current reading Wel as a function
of W0 −Wrun. Bottom: Relative residuals with respect to the
linear fit.
Wcal was calibrated against the electrical power Wel mea-
sured without gas in the target chamber (P ≈ 10−5 mbar),
using the calorimeter and target chamber as a Faraday
cup. Results of this standard calibration procedure [Ca-
vanna et al., 2014; Ferraro et al., 2018] are displayed in
fig. 5: the linear dependency is verified to better than 1%
over a wide power range (Wrun = 20 − 100 W). The im-
proved linearity compared to previous work [Ferraro et al.,
2018] was due to more accurate measurements of both the
electrical and the calorimetric powers thanks to a factor
of 10 reduction in residual gas pressure. The beam current
can then be determined with a 1% uncertainty as:
I =
e ·Wcal
Ep −∆E , (2)
where e is the elementary charge, Ep is the initial proton
beam energy, and ∆E is the energy lost by the beam in
the gas target (at most 3 keV), as calculated using tabu-
lated stopping power values (with an uncertainty of 2.8%
for protons in deuterium gas) in SRIM [Ziegler et al., 2010]
and including the beam heating correction. For each run,
the total number of protons Np (eq. 1) can finally be de-
rived from the beam current as Np = I∆t/e where ∆t is
the live time of the run.
5 Detection efficiency setup and
measurement
In the extended deuterium gas target the interaction with
the proton beam can take place at different positions along
the beam axis, resulting in different energies of the emit-
ted photons (for the same beam energy) and in differ-
ent geometrical angles subtended by the HPGe detector.
Therefore, the γ-ray detection efficiency (z, Eγ) (eq. 1)
Figure 6. 3D rendering of the setup showing the two HPGe
detectors used for efficiency measurements and the ports used
to monitor the temperature and pressure profiles of the gas
target. Errors shown are statistical only
must be carefully determined as a function of both posi-
tion and energy.
For the conditions of the experiment at LUNA, the γ
rays emitted by the D(p,γ)3He reaction (Q = 5.5 MeV)
have typical energies Eγ = 5.5 − 5.8 MeV, i.e. far away
from the energy of the commonly used radioactive sources.
Thus, a measurement of the detection (photo-peak) effi-
ciency was performed using a different technique based on
the well-known resonant reaction 14N(p,γ1γ2)
15O, which
produces pairs of γ rays over a wide energy range (see
sect. 5.1).
For the photo-peak efficiency measurements we used
the following experimental setup. In addition to the HPGe
detector (hereafter Ge1) used for the D(p,γ)3He yield mea-
surements, a second HPGe detector (hereafter Ge2) with
125% relative efficiency was mounted on a movable plat-
form, as shown in fig. 6, in order to change its position
along the beam axis. Detector Ge2 was surrounded by a
50 mm thick lead shielding with a vertical slit 15 mm wide
facing towards the reaction chamber. This lead collimator
allowed us to select γ rays generated within a well-defined
position along the beam axis.
Signals from both the Ge1 and Ge2 detectors were
sent to a CAEN N6724 waveform digitizer. A sketch of
the electronic chain is shown in fig. 7. A pulser producing
constant-amplitude signals (4 Hz) with the same shape as
those produced by the Ge1 preamplifier was connected to
the first channel of the CAEN digitizer. The same signal,
together with that from the Ge1 detector preamplifier,
was also used as input to a custom analog fan-in based
on the THS403x amplifier whose output was fed to the
second channel of the CAEN digitizer. Finally, the output
from the Ge2 preamplifier was connected to a third chan-
nel of the CAEN module. A trapezoidal filter was applied
to determine the height of the signals and this informa-
tion was stored, together with the signal time stamp, for
offline analysis. In this way, the DAQ dead time was quan-
titatively corrected for by using the pulser method [Knoll,
2010], i.e. by comparing the rate of pulser signals sent to
channel 2 with the reference pulser signals sent to channel
1. The dead-time correction during D(p, γ)3He runs was
typically below 1%.
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Figure 7. Sketch of the electronic chain of the data acquisition
system.
Figure 8. Top view (not to scale) of the experimental setup
used for the efficiency measurement with the 14N(p,γ1γ2)
15O
reaction.
5.1 Gamma-ray detection efficiency
The 14N(p,γ1γ2)
15O reaction has been studied extensively
by the LUNA collaboration [Bemmerer et al., 2006; Formi-
cola et al., 2004]. At the resonant energy Er = 259 keV
[Gyu¨rky et al., 2019] (in the centre of mass system; Γ =
0.99 keV [Daigle et al., 2016]) this reaction mainly pro-
ceeds through three exit channels with known branching
ratios (BR), each producing two prompt γ rays in cas-
cade: 1) 765 + 6792 keV (BR=23.0%), 2) 1384 + 6172 keV
(BR=58.3%) and 3) 2375+5181 keV (BR=16.9%) [Marta
et al., 2011]. In order to measure the photo-peak efficiency
(z, Eγ) of Ge1 as a function of γ-ray emission position z
along the beam axis (with z = 0 corresponding to the
centre of the target chamber) and for all γ-ray energies
above, we used the following procedure.
The Ge2 detector was moved to ten positions, in 30 mm
steps, along the 330 mm long gas target filled with high
purity N2 gas at 4 mbar. At this pressure the stopping
power of the protons is about 1.3 keV/cm and the result-
ing spatial resonance width (FWHM) is about 0.8 cm. By
properly tuning the proton beam energy, the resonance
energy Er = 259 keV of the
14N(p,γ1γ2)
15O reaction can
be excited at a chosen position along the beam axis in
alignment with the Ge2 detector (see fig. 8). In this way,
the full energy photons detected by Ge2 mainly come from
the target region facing the slit collimator, where the reso-
nance is excited, while the off-resonance photons are sup-
pressed by the 50 mm lead shield around the Ge2 detector.
Ge2 can then be used to gate the spectrum observed on
Ge1.
Figure 9 (top panel) shows a typical Ge1 spectrum
with the full-energy, single- and double-escape peaks of
the high energy photons emitted in the 14N(p,γ1γ2)
15O
reaction. Figure 9 (bottom panel) shows the spectrum ob-
tained when imposing the condition 1381 < Eγ2 [keV] <
1389 for the Ge2 detector. As expected, this spectrum is
essentially due to photons with Eγ1 = 6172 keV, emitted
in coincidence with photons at Eγ2 = 1384 keV detected
by the Ge2 detector.
The experimental photo-peak efficiency for Ge1 can be
expressed as:
data(z, Eγ) =
Nγ1
Nγ2
, (3)
where Nγ1 is the net number of full energy photons de-
tected by Ge1 (see below) when gated by Ge2 and Nγ2 is
the net number of full-energy photons detected by Ge2.
The net area Nγ2 was calculated using side-bands (see for
example, [Gilmore and Hemingway, 1995]); the net area
Nγ1 was corrected for random coincidences (at most 3%),
quantified using an off-coincidence time window, as well
as for dead time and instrumental effects (pileup and elec-
tronic noise) determined with the pulser method. Since the
efficiency only depends on theNγ1/Nγ2 ratio, it is indepen-
dent of the values (and therefore uncertainties) of beam
intensity, target density, resonance strength and branching
ratios.
Finally, a set of simulations were performed to cor-
rect the measured efficiency for the angular correlation
between the two γ rays emitted in cascade and the non
point-like distribution of photons detected by the Ge2 de-
tector. The code was validated with efficiency measure-
ments using radioactive sources (60Co and 137Cs) and data
from the 14N(p,γ1γ2)
15O reaction.
A first set of simulations was performed using virtual
point-like sources, for each γ-ray energy at each position
z along the beam axis. The simulations included the ge-
ometry of the detectors, according to factory drawings,
and the rest of the setup. The γ rays were tracked in the
passive and active materials using the GEANT simulation
toolkit.
In a second set of simulations (“full simulations”), the
details of the 14N(p,γ1γ2)
15O reaction were added, includ-
ing the energy dependence of its cross section, the reac-
tion kinematics, the angular distribution of the emitted γ
rays and the angular correlation [Marta et al., 2008] be-
tween pairs of photons emitted in cascade. The target den-
sity profile, thermal motion of target atoms, beam energy
losses and angular and energy straggling [Ziegler et al.,
2010] were also included. Finally, the response of the de-
tectors was taken into account by including their energy
resolution as well as instrumental effects (pile-up and elec-
tronic noise) evaluated with the pulser method (see sect.
5).
The final experimental photo-peak efficiency (i.e., the
efficiency used in our data analysis of the D(p,γ)3He cross
section) can now be expressed as:
(z, Eγ) = data(z, Eγ)
pl(z, Eγ)
full(z, Eγ)
, (4)
in terms of the measured efficiency data (eq. 3), corrected
by the ratio of the simulated efficiencies for a point-like
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Figure 9. Sample γ-ray spectrum from the 14N(p,γ)15O re-
action acquired with the Ge1 detector (top) and gated with
the Ge2 detector in the 1381 < Eγ2 [keV] < 1389 energy region
(bottom). Here only the full energy peak and the single- and
double-escape peaks of photons with Eγ1 = 6172 keV can be
seen.
source pl, and for an extended source full (from the full
simulation), respectively. The ratio between these two ef-
ficiencies largely cancels out possible differences between
experimental and simulated setup. A comparison between
the final experimental and simulated efficiencies, (z, Eγ)
and pl(z, Eγ), as a function of position is shown in fig. 10
for the six γ-ray energies of the 14N(p,γ1γ2)
15O reaction.
The average discrepancy (obtained by averaging over
all measured positions, each weighted for the solid an-
gle subtended by the detector at that position) between
(z, Eγ) and pl(z, Eγ) turned out to be 2% at most, and
this value was taken as the error associated to the Ge1
γ-ray photo-peak efficiency for the D(p,γ)3He reaction
study.
6 Angular distribution considerations
The final ingredient entering the cross section in eq. (1)
concerns the term W (z) accounting for the angular distri-
bution of the γ rays emitted by the D(p,γ)3He reaction.
The impact of W (z) on the total error budget was evalu-
ated by Monte Carlo simulations assuming both isotropic
and ab initio [Marcucci, 2018] distributions. Specifically,
the energy Eγ of the emitted photon depends on its polar
angle θlab and on the beam energy Ep according to the
 pos[cm]
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Figure 10. (Colour online) Photo-peak efficiency measured
for six γ-ray energies as a function of source position along
the beam axis (z = 0 corresponds to the centre of the target
chamber). Errors are statistical only. Curves represent simu-
lated efficiencies for point-like sources (see text for details).
expression (with c = 1):
Eγ =
m2p +m
2
D −m2He + 2(Ep +mp)mD
2(Ep +mp +mD − pp cos θlab) ,
where mp, mD and mHe are the masses of the nuclides
involved in the reaction and pp =
√
Ep (Ep + 2mp) is
the proton momentum. For the experimental setup used
(sect. 2) the angular acceptance of the Ge1 detector was
θlab ' 15◦ − 165◦, corresponding to a range of γ-ray en-
ergies Eγ ' 5.7− 5.8 MeV at Ep = 390 keV. As a result,
the full energy peak is broadened by kinematics, while its
shape depends on the photon angular distribution. Figure
11 shows a comparison between experimental data (blue
points) and the D(p,γ)3He simulated spectra at Ep =
175 keV assuming an isotropic (green curve) or an ab ini-
tio (red curve) distribution [Marcucci, 2018] of the emitted
photons. Despite the different shapes, the net areas of full
energy peaks in the two cases (isotropic and ab initio dis-
tributions) only differ by about 2% confirming that with
our setup the integrated number of counts depends weakly
on the photon angular distribution. To evaluate the sys-
tematic uncertainty associated with angular distribution
effects, we varied the coefficient a2 of the Legendre polyno-
mial in the Monte Carlo simulation distribution between
values -1 and -0.5. We observed an overall discrepancy of
±0.5% at most in the net areas of the full energy peaks.
The same procedure was repeated at the extremes of our
energy range, i.e. at Ep = 50 keV and Ep = 400 keV, ob-
taining consistent results. As a further check we used the
Legendre expansion coefficients reported by Schmid et al.
[Schmid et al., 1997] at 50 keV bombarding energy as in-
puts to our simulation. The photo-peak areas obtained
with the two distributions (Schmid and ab initio) differ
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Figure 11. (Colour online) Experimental (blue points) and
simulated spectra for the D(p, γ)3He reaction, assuming
isotropic (green) and ab initio (red) angular distributions [Mar-
cucci, 2018] at Ep = 175 keV.
by less than 0.03%. Assuming either Schmid or Marcucci
angular distributions, the fraction of γ rays falling outside
the angular range covered by our setup is about 0.7% and
is properly accounted for in eq. (1). The systematic error
arising from angular distribution effects was assigned to
be ±0.5%, as discussed above.
7 Summary of systematic uncertainties
The sources of systematic errors affecting the D(p,γ)3He
cross-section evaluation, together with the methods used
to quantify them, are listed in table 1. The 2% uncer-
tainty on the γ-ray detection efficiency (sect. 5.1) domi-
nates the total error budget at all beam energies inves-
tigated. The total error on the target density (1.1%) is
determined by summing in quadrature the uncertainties
in temperature and pressure profile (1%) and in the beam
heating effect (0.5%). The uncertainties on beam current
and angular distribution are respectively 1% (sect. 4) and
0.5% (sect. 6). All other sources of systematic errors, listed
in table 1, remain negligible. We note that the statistical
error on the number of detected γ rays Nγ (eq. 1), includ-
ing background subtraction, was typically below 1%. The
overall systematic error achieved over the energy range
Ep = 50 − 400 keV covered for the D(p, γ)3He reaction
study at LUNA remains below 3%. This result represents
a significant improvement with respect to the 10 − 20%
systematic uncertainties affecting previous data at ener-
gies most relevant to BBN [Ma et al., 1997; Tiˇsma et al.,
2019]. The cross-section results obtained at LUNA and
their implications in cosmology and particle physics will
be published in a forthcoming paper.
Table 1. Contributions to the overall systematic uncertainty
in the in the D(p, γ)3He S factor arising from different sources.
Values shown refer to a representative energy Ep = 200 keV
(Ecm = 133 keV).
Source Method ∆S/S
Beam energy Direct measurement 0.2%
Energy loss Low gas pressure 0.04%
T and P profiles Direct measurement 1.0%
Beam heating Direct measurement 0.5%
Gas purity Data sheet 0.1%
Beam current Calorimeter calibration 1.0%
Efficiency Direct measurement 2.0%
Instrumental effects Pulser method 0.2%
Angular distribution Simulations 0.5%
Total 2.6%
8 Conclusions
Direct observations of deuterium abundance can be used
to tightly constrain the universal baryon density and the
number of relativistic particles existing in the early Uni-
verse as long as accurate BBN predictions are provided.
In this context, precise nuclear reaction rates are crucial
for each of the relevant reactions in the BBN network.
Among the reactions that affect the primordial deuterium
abundance, the D(p, γ)3He remains the least well-known.
A significant effort was devoted by the LUNA collabora-
tion towards a renewed measurement of its cross section
with unprecedented precision. Here, we reported on a se-
ries of commissioning measurements leading to an overall
systematic uncertainty below 3%. This accuracy will en-
able theoretical calculations of deuterium abundance to
the same level as that observed.
Acknowledgments
The authors acknowledge the invaluable contribution of
Donatello Ciccotti for his support during all phases of the
experiment at LUNA, Marco D’Incecco for his work on
custom electronics, Massimiliano De Deo for the imple-
mentation of the data acquisition system, and Giuliano
Sobrero for the development of the new gas target con-
trol panel. We also acknowledge the mechanical work-
shop at LNGS, INFN sez. Bari and Dipartimento Interate-
neo di Fisica Bari. This work has mainly been supported
by INFN, with contributions by Helmholtz Association
(ERC-RA-0016), DFG (BE4100/4-1), NKFIH (K120666),
COST (ChETEC CA16117), STFC-UK and the Univer-
sity of Naples Compagnia di San Paolo (STAR).
References
https://www.rivoiragroup.it/en.
E.G. Adelberger, A. Garc´ıa, R.G.H. Robertson, K.A.
Snover, A.B. Balantekin, K. Heeger, M.J. Ramsey-
Musolf, D. Bemmerer, A. Junghans, C.A. Bertu-
lani, J.W. Chen, H. Costantini, P. Prati, M. Couder,
V. Mossa et al. (LUNA collaboration): Setup commissioning for improved D(p,γ)3He cross sections 9
E. Uberseder, M. Wiescher, R. Cyburt, B. Davids, S.J.
Freedman, M. Gai, D. Gazit, L. Gialanella, G. Imbri-
ani, U. Greife, M. Hass, W.C. Haxton, T. Itahashi,
K. Kubodera, K. Langanke, D. Leitner, M. Leitner,
P. Vetter, L. Winslow, L. E. Marcucci, T. Motobayashi,
A. Mukhamedzhanov, R.E. Tribble, K M. Nollett, F.M.
Nunes, T.S. Park, P.D. Parker, R. Schiavilla, E.C.
Simpson, C. Spitaleri, F. Strieder, H.P. Trautvetter,
K. Suemmerer, and S. Typel. Solar fusion cross sections.
II. The pp chain and CNO cycles. Rev. Mod. Phys., 83:
195–246, 2011. doi: 10.1103/RevModPhys.83.195.
M. Anders, D. Trezzi, A. Bellini, M. Aliotta, D. Bemmerer,
C. Broggini, A. Caciolli, H. Costantini, P. Corvisiero,
T. Davinson, Z. Elekes, M. Erhard, A. Formicola,
Z. Fu¨lo¨p, G. Gervino, A. Guglielmetti, C. Gustavino,
G. Gyu¨rky, M. Junker, A. Lemut, M. Marta, C. Mazzoc-
chi, R. Menegazzo, P. Prati, C. Rossi Alvarez, D. Scott,
E. Somorjai, O. Straniero, and T. Szu¨cs. Neutron-
induced background by an α-beam incident on a deu-
terium gas target and its implications for the study of
the 2H(α,γ)6Li reaction at LUNA. Eur. Phys. J. A, 49:
28, February 2013. doi: 10.1140/epja/i2013-13028-5.
D. Bemmerer, F. Confortola, A. Lemut, R. Bonetti,
C. Broggini, P. Corvisiero, H. Costantini, J. Cruz,
A. Formicola, Z. Fu¨lo¨p, G. Gervino, A. Guglielmetti,
C. Gustavino, G. Gyu¨rky, G. Imbriani, A. Jesus,
M. Junker, B. Limata, R. Menegazzo, P. Prati, V. Roca,
C. Rolfs, D. Rogalla, M. Romano, C. Rossi-Alvarez,
F. Schu¨mann, E. Somorjai, O. Straniero, F. Strieder,
F. Terrasi, and H.P. Trautvetter. Low energy mea-
surement of the 14N(p,γ)15O total cross section at the
LUNA underground facility. Nucl. Phys. A, 779:297–
317, 2006. doi: 10.1016/j.nuclphysa.2006.09.001.
C. Broggini, D. Bemmerer, A. Caciolli, and D. Trezzi.
LUNA: Status and Prospects. Prog. Part. Nucl. Phys.,
98:55–84, 2018. doi: 10.1016/j.ppnp.2017.09.002. URL
http://arxiv.org/abs/1707.07952.
C. Casella, H. Costantini, A. Lemut, B. Limata, D. Bem-
merer, R. Bonetti, C. Broggini, L. Campajola, P. Coc-
coni, P. Corvisiero, J. Cruz, A. D’Onofrio, A. Formicola,
Z. Fu¨lo¨p, G. Gervino, L. Gialanella, A. Guglielmetti,
C. Gustavino, G. Gyurky, A. Loiano, G. Imbriani, A.P.
Jesus, M. Junker, P. Musico, A. Ordine, F. Parodi,
M. Parolin, J.V. Pinto, P. Prati, J. P. Ribeiro, V. Roca,
D. Rogalla, C. Rolfs, M. Romano, C. Rossi-Alvarez,
A. Rottura, F. Schuemann, E. Somorjai, F. Strieder,
F. Terrasi, H.P. Trautvetter, A. Vomiero, and S. Za-
vatarelli. A new setup for the underground study of
capture reactions. Nucl. Inst. Meth. A, 489:160–169,
August 2002a. doi: 10.1016/S0168-9002(02)00577-6.
C. Casella, H. Costantini, A. Lemut, B. Limata,
R. Bonetti, C. Broggini, L. Campajola, P. Corvisiero,
J. Cruz, A. D’Onofrio, A. Formicola, Z. Fu¨lo¨p,
G. Gervino, L. Gialanella, A. Guglielmetti, C. Gus-
tavino, G. Gyurky, G. Imbriani, A.P. Jesus, M. Junker,
A. Ordine, J.V. Pinto, P. Prati, J.P. Ribeiro, V. Roca,
D. Rogalla, C. Rolfs, M. Romano, C. Rossi-Alvarez,
F. Schuemann, E. Somorjai, O. Straniero, F. Strieder,
F. Terrasi, H.P. Trautvetter, and S. Zavatarelli. First
measurement of the d(p,γ)3He cross section down to the
solar Gamow peak. Nucl. Phys. A, 706:203–216, July
2002b. doi: 10.1016/S0375-9474(02)00749-2.
F. Cavanna, and P. Prati. Direct measurement of nuclear
cross-section of astrophysical interest: Results and per-
spectives. Int. J. Mod. Phys. A, 33(9):1843010-346, Mar
2018. doi: 10.1142/S0217751X18430108.
F. Cavanna, R. Depalo, M.L. Menzel, M. Aliotta, M. An-
ders, D. Bemmerer, C. Broggini, C.G. Bruno, A. Caci-
olli, P. Corvisiero, T. Davinson, A. di Leva, Z. Elekes,
F. Ferraro, A. Formicola, Z. Fu¨lo¨p, G. Gervino,
A. Guglielmetti, C. Gustavino, G. Gyu¨rky, G. Imbri-
ani, M. Junker, R. Menegazzo, P. Prati, C. Rossi Al-
varez, D.A. Scott, E. Somorjai, O. Straniero, F. Strieder,
T. Szu¨cs, and D. Trezzi. A new study of the
22Ne(p,γ)23Na reaction deep underground: Feasibility,
setup and first observation of the 186 keV resonance.
Eur. Phys. J. A, 50:179, November 2014. doi: 10.1140/
epja/i2014-14179-5.
A. Coc, P. Petitjean, J.P. Uzan, E. Vangioni, P. Descouve-
mont, C. Iliadis, and R. Longland. New reaction rates
for improved primordial D/H calculation and the cosmic
evolution of deuterium. Phys. Rev. D, 92(12):123526,
December 2015. doi: 10.1103/PhysRevD.92.123526.
R.J. Cooke, M. Pettini, and C.C. Steidel. One Per-
cent Determination of the Primordial Deuterium Abun-
dance. Astrophys. J., 855(2):102, Mar 2018. doi:
10.3847/1538-4357/aaab53.
S. Daigle, K.J. Kelly, A.E. Champagne, M.Q. Buck-
ner, C. Iliadis, and C. Howard. Measurement of the
Ec.m.r = 259 keV resonance in the
14N(p,γ)15O reac-
tion. Phys. Rev. C, 94(2):025803, August 2016. doi:
10.1103/PhysRevC.94.025803.
E. Di Valentino, C. Gustavino, J. Lesgourgues,
G. Mangano, A. Melchiorri, G. Miele, and O. Pisanti.
Probing nuclear rates with Planck and BICEP2.
Phys. Rev. D, 90(2):023543, July 2014. doi:
10.1103/PhysRevD.90.023543.
F. Ferraro, M.P. Taka´cs, D. Piatti, V. Mossa, M. Aliotta,
D. Bemmerer, A. Best, A. Boeltzig, C. Broggini, C.G.
Bruno, A. Caciolli, F. Cavanna, T. Chillery, G. F.
Ciani, P. Corvisiero, L. Csedreki, T. Davinson, R. De-
palo, G. D’Erasmo, A. Di Leva, Z. Elekes, E. M. Fiore,
A. Formicola, Z. Fu¨lo¨p, G. Gervino, A. Guglielmetti,
C. Gustavino, G. Gyu¨rky, G. Imbriani, M. Junker,
I. Kochanek, M. Lugaro, L.E. Marcucci, P. Marigo,
R. Menegazzo, F.R. Pantaleo, V. Paticchio, R. Per-
rino, P. Prati, L. Schiavulli, K. Sto¨ckel, O. Straniero,
T. Szu¨cs, D. Trezzi, and S. Zavatarelli. A high-efficiency
gas target setup for underground experiments, and re-
determination of the branching ratio of the 189.5 keV
22Ne(p,γ)23Na resonance. Eur. Phys. J. A, 54:44,
March 2018. doi: 10.1140/epja/i2018-12476-7.
A. Formicola, G. Imbriani, M. Junker, D. Bemmerer,
R. Bonetti, C. Broggini, C. Casella, P. Corvisiero,
H. Costantini, G. Gervino, C. Gustavino, A. Lemut,
P. Prati, V. Roca, C. Rolfs, M. Romano, D. Schu¨rmann,
F. Strieder, F. Terrasi, H.P. Trautvetter, and
S. Zavatarelli. The LUNA II 400kV accelerator.
10 V. Mossa et al. (LUNA collaboration): Setup commissioning for improved D(p,γ)3He cross sections
Nucl. Inst. Meth. A, 507:609–616, July 2003. doi:
10.1016/S0168-9002(03)01435-9.
A. Formicola, G. Imbriani, H. Costantini, C. Angulo,
D. Bemmerer, R. Bonetti, C. Broggini, P. Corvisiero,
J. Cruz, P. Descouvemont, Z. Fu¨lo¨p, G. Gervino,
A. Guglielmetti, C. Gustavino, G. Gyu¨rky, A.P. Jesus,
M. Junker, A. Lemut, R. Menegazzo, P. Prati, V. Roca,
C. Rolfs, M. Romano, C. Rossi Alvarez, F. Schu¨mann,
E. Somorjai, O. Straniero, F. Strieder, F. Terrasi, H.P.
Trautvetter, A. Vomiero, and S. Zavatarelli. Astrophys-
ical S-factor of 14N(p,γ)15O. Phys. Lett. B, 591:61–68,
2004. doi: 10.1016/j.physletb.2004.03.092.
G. Gilmore and J.D. Hemingway. Practical Gamma-ray
spectrometry. John Wiley and Sons, New York, 1995.
G.M. Griffiths, E.A. Larson, and L.P. Robertson. The
capture of protons by deuterons. Can. J. Phys., 40:402,
1962. doi: 10.1139/p62-045.
G.M. Griffiths, M. Lal, and C.D. Scarfe. The reaction
D(p,γ)3He below 50 keV. Can. J. Phys., 41:724, 1963.
doi: 10.1139/p63-077.
G. Gyu¨rky, Z. Hala´sz, G.G. Kiss, T. Szu¨cs, A. Cs´ık,
Zs. To¨ro¨k, R. Husza´nk, M.G. Kohan, L. Wagner, and
Z. Fu¨lo¨p. Resonance strengths in the 14N(p,γ)15O
astrophysical key reaction measured with activation.
Phys. Rev. C, 100:015805, Jul 2019. doi: 10.1103/
PhysRevC.100.015805. URL https://link.aps.org/
doi/10.1103/PhysRevC.100.015805.
G. F. Knoll. Radiation Detection and Measurement. John
Wiley & Sons, New York, 4th edition, 2010.
L. Ma, H.J. Karwowski, C.R. Brune, Z. Ayer, T.C. Black,
J.C. Blackmon, E.J. Ludwig, M. Viviani, A. Kievsky,
and R. Schiavilla. Measurements of 1H(d,γ)3He and
2H(p,γ)3He at very low energies. Phys. Rev. C, 55:588–
596, February 1997. doi: 10.1103/PhysRevC.55.588.
L.E. Marcucci. Ab initio angular distribution for
D(p,γ)3He reaction. Private communication, 2018.
L.E. Marcucci, G. Mangano, A. Kievsky, and M. Viviani.
Implication of the Proton-Deuteron Radiative Capture
for Big Bang Nucleosynthesis. Phys. Rev. Lett., 116
(10):102501, March 2016. doi: 10.1103/PhysRevLett.
116.102501.
M. Marta, F. Confortola, D. Bemmerer, C. Boiano,
R. Bonetti, C. Broggini, M. Casanova, P. Corvisiero,
H. Costantini, Z. Elekes, A. Formicola, Z. Fu¨lo¨p,
G. Gervino, A. Guglielmetti, C. Gustavino, G. Gyu¨rky,
G. Imbriani, M. Junker, A. Lemut, B. Limata,
R. Menegazzo, P. Prati, V. Roca, C. Rolfs, M. Ro-
mano, C. Rossi Alvarez, E. Somorjai, F. Strieder, F. Ter-
rasi, and H.P. Trautvetter. Study of beam heating
effect in a gas target through Rutherford scattering.
Nucl. Inst. Met. Phys. Res. A, 569(3):727–731, 2006.
ISSN 0168–9002. doi: https://doi.org/10.1016/j.nima.
2006.09.093. URL http://www.sciencedirect.com/
science/article/pii/S0168900206017505.
M. Marta, A. Formicola, G. Gyu¨rky, D. Bemmerer,
C. Broggini, A. Caciolli, P. Corvisiero, H. Costan-
tini, Z. Elekes, Z. Fu¨lo¨p, G. Gervino, A. Gugliel-
metti, C. Gustavino, G. Imbriani, M. Junker, R. Kunz,
A. Lemut, B. Limata, C. Mazzocchi, R. Menegazzo,
P. Prati, V. Roca, C. Rolfs, M. Romano, C.R. Al-
varez, E. Somorjai, O. Straniero, F. Strieder, F. Ter-
rasi, H.P. Trautvetter, and A. Vomiero. Precision study
of ground state capture in the 14N(p,γ)15O reaction.
Phys. Rev. C, 78(2):022802(R), August 2008. doi:
10.1103/PhysRevC.78.022802.
M. Marta, A. Formicola, D. Bemmerer, C. Broggini,
A. Caciolli, P. Corvisiero, H. Costantini, Z. Elekes,
Z. Fu¨lo¨p, G. Gervino, A. Guglielmetti, C. Gustavino,
G. Gyu¨rky, G. Imbriani, M. Junker, A. Lemut, B. Li-
mata, C. Mazzocchi, R. Menegazzo, P. Prati, V. Roca,
C. Rolfs, C. Rossi Alvarez, E. Somorjai, O. Straniero,
F. Strieder, F. Terrasi, H. P. Trautvetter, and A. Vom-
iero. The 14N(p,γ)15O reaction studied with a compos-
ite germanium detector. Phys. Rev. C, 83(4):045804,
April 2011. doi: 10.1103/PhysRevC.83.045804.
Kenneth M. Nollett and Scott Burles. Estimating reac-
tion rates and uncertainties for primordial nucleosyn-
thesis. Phys. Rev. D, 61:123505, May 2000. doi:
10.1103/PhysRevD.61.123505. URL https://link.
aps.org/doi/10.1103/PhysRevD.61.123505.
J.L. Osborne, C.A. Barnes, R.W. Kavanagh, R.M. Kre-
mer, G.J. Matthews, J.L. Zyskind, P.D. Parker, and
A.J. Howard. Low-energy behavior of the 3he(α,γ)7be
cross section. Nucl. Phys. A, 419:115–132, 1984.
C. Pitrou, A. Coc, J. Uzan, and E. Vangioni. Preci-
sion big bang nucleosynthesis with improved Helium-
4 predictions. Phys. Rep., 754:1–66, Sep 2018. doi:
10.1016/j.physrep.2018.04.005.
C.E. Rolfs, and W.S. Rodney. Cauldrons in the Cosmos.
University of Chicago Press, Chicago, 1988.
G.J. Schmid, M. Viviani, B.J. Rice, R.M. Chasteler,
M.A. Godwin, Kiang G.C., L.L. Kiang, A. Kievsky,
C.M. Laymon, R.M. Prior, R. Schiavilla, D.R. Tilley,
and H.R. Weller. Effects of Non-nucleonic Degrees of
Freedom in the D(−→p ,γ)3He and the p(−→d ,γ)3He reac-
tions. Phys. Rev. Lett., 76:3088, November 1996. doi:
10.1103/PhysRevLett.76.3088.
G.J. Schmid, B.J. Rice, R.M. Chasteler, M.A. Godwin,
G.C. Kiang, L.L. Kiang, C.M. Laymon, R.M. Prior,
D.R. Tilley, and H.R. Weller. The 2H(p,γ)3He and
1H(d,γ)3He reactions below 80 keV. Phys. Rev. C, 56:
2565–2581, November 1997. doi: 10.1103/PhysRevC.56.
2565.
P.D. Serpico, S. Esposito, F. Iocco, G. Mangano, G. Miele,
and O. Pisanti. Nuclear reaction network for primordial
nucleosynthesis: a detailed analysis of rates, uncertain-
ties and light nuclei yields. J. Cosm. Astrophys. Phys.,
2004:010, 2004. doi: 10.1088/1475-7516/2004/12/
010. URL https://doi.org/10.1088%2F1475-7516%
2F2004%2F12%2F010.
I. Tiˇsma, M. Lipoglavsˇek, M. Mihovilovicˇ, S. Markelj,
M. Vencelj, and J. Vesic´. Experimental cross section
and angular distribution of the 2H(p,γ)3He reaction at
Big-Bang nucleosynthesis energies. Eur. Phys. J. A, 55
(8):137, Aug 2019. doi: 10.1140/epja/i2019-12816-1.
J.F. Ziegler, M. D. Ziegler, and J.P. Biersack. SRIM
- The stopping and range of ions in matter (2010).
Nucl. Inst. Meth. B, 268:1818–1823, 2010. doi: 10.
V. Mossa et al. (LUNA collaboration): Setup commissioning for improved D(p,γ)3He cross sections 11
1016/j.nimb.2010.02.091. URL http://dx.doi.org/
10.1016/j.nimb.2010.02.091.
